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The conditions in the edge and scrape-off layer (SOL) of magnetically confined plasmas determine
the overall performance of the device, and it is of great importance to study and understand the
mechanics that drive transport in those regions. If a significant amount of neutral molecules and
atoms is present in the edge and SOL regions, those will influence the plasma parameters and thus
the plasma confinement. In this paper, it is displayed how neutrals, described by a fluid model,
introduce source terms in a plasma drift-fluid model due to inelastic collisions. The resulting source
terms are included in a four-field drift-fluid model, and it is shown how an increasing neutral parti-
cle density in the edge and SOL regions influences the plasma particle transport across the last-
closed-flux-surface. It is found that an appropriate gas puffing rate allows for the edge density in
the simulation to be self-consistently maintained due to ionization of neutrals in the confined
region. https://doi.org/10.1063/1.5019662
I. INTRODUCTION
One of the main drivers for determining the plasma con-
finement in magnetically confinement devices such as toka-
maks is the dynamics in the edge region of the bulk plasma.
This region is characterized by the transition from closed to
open magnetic field lines, in which the last-closed-flux-sur-
face (LCFS) defines the boundary between the confined
plasma and the scrape-off layer (SOL), where the field lines
terminate on material surfaces. The anomalous transport of
particles and energy across the LCFS is strongly intermittent,
and it has been found that most transport is carried by field-
aligned filaments (blobs) that are formed near the plasma
edge and propagate radially outwards towards the first
wall.1–4
When the plasma filaments interact with the material
surfaces, the plasma undergoes surface recombination, and
neutral atoms and molecules are released through various
mechanisms of which most result in low-energy neutrals.5
This process is referred to as plasma recycling. Neutral par-
ticles can also originate from being injected into the vacuum
vessel for fuelling or diagnostic purposes.6,7 Typical SOL
temperatures that are much lower than those of the bulk
plasma allow for a significant population of neutrals to exist.
The neutral atoms and molecules will interact with the
plasma both through elastic and inelastic collisions. Elastic
collisions between charged particles and neutrals are not
treated in this paper, but the effect of such collisions in drift-
fluid models are derived in Ref. 8. The inelastic collisions
are, for example, excitation and ionization of atoms and mol-
ecules and dissociation of molecules. The ionization process,
if inside the confined region, is what fuels the plasma.
Ionization may also occur in the SOL and prevent the neu-
trals from fuelling the plasma directly. In addition to their
fuelling properties, neutrals may also provide protection to
the first wall from the plasma filaments by cooling down the
plasma through elastic and inelastic collisions.
There exist a number of numerical models for simulat-
ing the neutral-plasma interactions. Both kinetic neutral
models such as in Refs. 9–12 and fluid models13–16 have pre-
viously been applied to study SOL and edge plasmas in the
presence of neutrals. In this paper, we derive a neutral fluid
model for the purpose of studying the effects of neutrals on
the intermittent plasma fields. A fluid model allows for a
dynamical treatment of the neutrals and thus self-
consistently simulates the response of SOL plasma structures
to neutrals and vice versa. This model in particular takes into
account the long mean-free path of neutral atoms in the SOL
region, which prevents the usual Chapman-Enskog closure17
from being applied to the neutral fluid equations.
The source terms resulting from inelastic neutral-plasma
interactions are introduced in a plasma drift-fluid model.
Drift-fluid models are derived from the two-fluid equations
and describe the physics of phenomena that occur on time-
scales much slower than the ion cyclotron frequency and
length scales much larger than the ion gyroradius. This
results in a simpler fluid model which is still able to describe
the low frequency turbulence in the edge and SOL regions
such as interchange-driven turbulence. In this paper, we
demonstrate that the presence of inelastic density and
momentum sources introduce additional drift-terms, and the
resulting source terms are included in an existing drift-fluid
based plasma model.
This paper has two main sections: In Sec. II, the
HESEL18,19 drift-fluid model is presented (Sec. II A), and it
is displayed how inelastic neutral source terms enter such a
model (Sec. II C). It is also described how neutrals with a
long mean-free path between collisions, for which the usual
Chapman-Enskog closure scheme is no longer valid, can be
described in a fluid model (Sec. II B). A combined plasma-
neutral model is given in Sec. II D, where the equations for
the HESEL drift-fluid model are enhanced with neutral
source terms. The combined HESEL-neutral model is solveda)Electronic mail: alec@fysik.dtu.dk.
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self-consistently, and the results are discussed in Sec. III. In
this section, it is shown how the presence of neutrals affects
the SOL density and temperature profiles, when gas puffing
is simulated at three different puffing rates (Sec. III A).
Moreover, we display in Sec. III B how fuelling in HESEL
can be self-consistently described in the combined neutral-
plasma model, when the electron/ion density source in the
inner edge region is replaced by a source solely from ioniza-
tion of neutrals. The latter will allow for future studies on the
effect of gas puffing on edge plasmas and thus the effect of
gas puffing on overall confinement.
II. MODELS FOR TRANSPORTAND INTERACTIONS
In this section, we present two models. The first model
is a four-field drift-fluid based model for plasma variables.
Drift-fluid models originate from the Braginskii fluid equa-
tions where an ordering in powers of the ion gyration fre-
quency in the momentum equations is introduced. This
technique is known as drift-ordering, and it reduces the num-
ber of variables described by eliminating the momentum
equation by describing the electron and ion fluid velocities
as a sum of drift-fluid velocities. The technique is described
in detail in Refs. 20 and 21. The particular drift-fluid model
considered in this paper is the HESEL model, and it
describes the evolution of the electron/ion density, the gener-
alized vorticity, and the electron and ion pressures. The ulti-
mate purpose of this section is to augment an existing drift-
fluid model with source terms originating from interactions
with neutrals. The neutrals are described as multiple fluids to
take into account both neutral molecules and atoms at dis-
tinct characteristic temperatures. The neutrals interact self-
consistently with the plasma variables, so that the effect of
the inelastic collisions results in source and sink terms in
both the neutral and plasma transport equations.
The section is structured so that Sec. II A provides the
HESEL model for the case with no source terms from neutral
interactions. In Sec. II B, the derivation and validity of a neu-
tral fluid model are discussed. Section II C displays how
source terms enter the plasma drift-fluid equations, and in
Sec. II D, a combined plasma-neutral model is proposed.
A. HESEL equations
The HESEL model18,19 describes the transport of den-
sity, ion and electron pressures, and generalized vorticity at
the outboard-midplane of a tokamak in a drift-plane perpen-
dicular to the magnetic field lines. The original HESEL
model describes the evolution of plasma variables without
the presence of neutral particles. Here, we couple the
HESEL model and a neutral model described in Secs. II B
and II C. Since HESEL describes both the electron and ion
temperature dynamics, the influence of neutral particles on
both species can be studied in edge and SOL plasmas. The
inclusion of neutrals also allows for the density source in the
original HESEL equations to be partially replaced with one
that self-consistently originates from ionization of neutral
particles. The results of including neutrals in a plasma turbu-
lence model are given in Sec. III.
The original HESEL equations without neutral source
terms are derived from the drift-fluid equations and read
dtnþ nKð/Þ  KðpeÞ ¼ Kn ; (1)
r  d0tr?/
 Kðpe þ piÞ ¼ Kx ; (2)
3
2
dtpe þ 5
2
peKð/Þ  5
2
Kðp2e=nÞ ¼ Kpe ; (3)
3
2
dtpi þ 5
2
piKð/Þ þ 5
2
K p2i =n
  piKðpe þ piÞ ¼ Kpi ; (4)
where n is the electron/ion density, / is the potential, pe,i
¼ nTe,i are the electron and ion pressures, /*¼/þ pi is the
modified potential, and the K terms on the RHS contain the
terms from collisional diffusion and terms for parametrized
loss along the magnetic field lines and are discussed in detail
in Refs. 18 and 19. The advective derivatives are defined as
dt ¼ @t þ B1f/; g and d0t ¼ @t þ f/; g, with the anti-
symmetric bracket ff ; gg ¼ @xf@yg @yf@xg. The variables
are gyro-Bohm normalized, so that
Xcit! t ;
e/
Te0
! / ;
x
qs
! x ;
n
n0
! n ;
Te;i
Te0
! Te;i : (5)
with Xci being the ion cyclotron frequency, qs ¼
ﬃﬃﬃﬃﬃﬃﬃﬃ
Te0
miX
2
ci
q
the
cold-ion hybrid thermal gyro-radius, Te0 a characteristic
electron temperature, and n0 a characteristic density, and we
have introduced the curvature operator
K ¼  qs
R
@y ; (6)
where R is the major radius of the tokamak.
B. Neutral transport model
When deriving a combined neutral-plasma model, in
which both neutrals and plasma are treated dynamically, it is
computationally meaningful to also seek out a fluid model
for the neutral particles. A neutral fluid model can be derived
the same way as the plasma fluid model, i.e., by taking
velocity moments of the kinetic equation but without includ-
ing the terms involving electric and magnetic fields.
Deriving the neutral fluid equations in this manner is a classi-
cal textbook example (see, for example, Ref. 22), in which
the set of equations is usually asymptotically closed in the
Chapman-Enskog scheme which leads to a set of equations
similar to the Braginskii equations but again without the
electric and magnetic field terms. The Chapman-Enskog clo-
sure is valid for a gas where the particles experience a mean-
free path between collisions which is short compared to the
characteristic length scales in the system. In the following,
we examine the validity of this assumption for neutral par-
ticles in a tokamak.
In a tokamak, hydrogen isotope molecules can either be
puffed into the vacuum chamber for the purpose of fuelling
or perturbing the plasma or result from recombination of
atoms on the first wall. Reaction rates for ion-molecule
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inelastic collisions are in general low for SOL-relevant tem-
peratures, but electrons interact with molecules in a number
of ways. Electron impact collisions can lead to excited states
of the molecules, ionize the molecules one or two times, or
dissociate the molecule to atoms and/or ions, depending on
whether the molecule was ionized before dissociation.
A dissociated molecule results in warm 2 eV neutral
atoms23 known as Franck-Condon neutrals. Warmer neutral
atoms have a perpendicular mean-free path much longer
than that of ions since they are not influenced by the mag-
netic field, and the atoms may obtain energies even higher
than 2 eV from charge-exchange collisions with ions.
Energetic neutrals can also originate from recombination of
plasma on the first wall. For SOL parameters, the mean-free
paths k of typical neutral particles are16
k¼ vth;n


ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Tn=mn
p
hrvin 
102m for Tn ¼ 25meV
100m for Tn ¼ 2eV
101m for Tn ¼ 50eV;
8<
: (7)
where 50 eV represents a neutral atom resulting from a
charge-exchange collision with a hot ion. vth,n is the thermal
speed,  ¼ hrvin is the collision frequency, Tn is the typical
energy of neutral species n, and mn is the mass. In reality, the
neutrals have a continuous spread in the energy around the
thermal energy, but the above comparison gives an idea of
the relevant length scales.
The conclusion is that thermal neutral molecules have a
mean-free path comparable to that of the gradient length
scales of SOL structures, whereas hotter neutral atoms have
mean-free paths much longer than those. This poses a prob-
lem for a fluid description of the neutral atoms since the con-
ventional Chapman-Enskog closure17 is not valid in this
regime.
Neutral fluid descriptions that extend beyond the
assumption of a short mean-free path are sparsely treated in
the literature. It is, however, investigated in Ref. 24 when
seeking a fluid description for the electron particle and heat
transport in the direction of magnetic field lines in a low col-
lisionality tokamak plasma, which also experiences a long
mean-free path. This paper finds that a fluid closure is gener-
ally not obtainable in terms of profiles in the long mean-free
path limit, but surprisingly the particle transport is well
described, with the density flux given by Fick’s law. For the
neutral particle case, this results in a continuity equation of
the form
@tnn r  Dnrnnð Þ ¼ Snn ; (8)
with
Dn ¼ 1
2
v2th;n

; (9)
for any collisionality . Here, nn is the density of neutral spe-
cies n and Snn is the corresponding density source.
Since a heat equation on closed form is not obtainable in
this regime, the neutral temperatures have to be accounted for
in other manners. We propose a model that resolves the neu-
tral velocity distribution to a finite number of isothermal neu-
tral species, each with its own diffusion coefficient
determined by the energy of that species. The main driver for
such assumption is rooted in the atomic physics described
above; the neutral molecules enter at thermal velocity, and the
neutral atoms are created at distinct temperatures. The energy
exchange rate between neutrals is low compared to their aver-
age lifetime, and they are thus assumed to maintain their ini-
tial energy until ionization. The assumption is supported
experimentally, where distinct highly populated energies in
the neutral velocity spectrum have also been observed, both
from spectroscopic measurements of the Zeeman-split Balmer
lines25 and from laser-induced fluorescence26 on the
TEXTOR tokamak. The experimental findings report slightly
lower typical energies for the dissociated neutrals than what is
assumed here, most likely due to the dissociation into atoms
in the n¼ 3 state, instead of the ground state.
The assumptions made by describing the neutral popula-
tions at distinct temperatures may, however, lead to an over-
simplification of the physical processes that could be
essential for describing observed phenomena. In particular,
effects of having neutrals in a broader energy range originat-
ing from recycling and from charge exchange collisions are
neglected, as the recycled neutrals are not included in the
analysis presented here, and those originating from charge
exchange are all assigned the same temperature. Despite
this, resolving the neutral velocity distribution into three
temperatures is assumed to reproduce the primary effects of
a kinetic description. The characteristic decay lengths for the
neutral densities are taken into account, which allows for
quantifying the spatial influence of the different types of neu-
trals on the edge and SOL plasma.
In the model presented here, we describe the neutral
atoms and molecules by three species corresponding to those
with temperatures given in (7), i.e., cold neutral molecules,
warm neutral atoms originating from dissociated molecules,
and hot neutral atoms from charge-exchange collisions
between warm neutrals and ions.
The transport equations are coupled to each other and to
those of the plasma variables through inelastic collisions.
The interactions with the highest cross-section in the SOL
and edge domains, and that describe the neutral particle life
cycle outlined in the beginning of the section, are included.
The corresponding source terms enter the neutral particle
transport equations (8) with n¼ cold, warm, and hot as
Sncold ¼ nencold hrDisvi þ hrIzvið Þ ; (10)
Snwarm ¼ ne ncold 2hrDisvi þ hrIzvið Þð
nwarmhrizviÞ  ninwarmhrcxvi ; (11)
Snhot ¼ ninwarmhrcxvi  nenhothrizvi ; (12)
where ncold is the density of the molecules and nwarm and nhot
are those for the atomic species.
The above set of source terms accounts for dissociation
(Dis) of molecules (eþH2 ! eþ 2H), ionization followed
by dissociation (Iz) of molecules (eþ H2 ! 2eþ Hþ2
! 2eþ Hþ þ H), ionization (iz) of atoms (eþH !
2eþHþ), and charge-exchange collisions (cx) between warm
atoms and hot ions (HþþH! HþHþ). H can be any hydro-
gen isotope, as the reaction rates only depend weakly on the
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isotope mass. Those are among the dominant reaction rates in
the temperature interval of interest. Other reactions could be
included as well, such as charge exchange collisions between
ions and molecules or dissociation of molecules into excited
atomic states. Including those reactions evidently results in
the same end-products as are covered by the present model,
but the location and rate of the creation of atoms and ions
from molecules may change. The effects of including those
reactions are left for future work. The reaction rates as a func-
tion of energy are shown in Fig. 1.
This concludes the neutral model, and the effect of the
interactions on the plasma drift-fluid equations are described
in Sec. II C.
C. Plasma-neutral interactions
The presence of inelastic neutral interactions such as
ionization of atoms introduces source terms to the transport
equations. Formally, the Boltzmann equation becomes
@tfr þ v  rfr þ qr
mr
Eþ v Bð Þ  rvfr ¼ Cr þ Sr ; (13)
where an inelastic source (or sink) term S is introduced on
the RHS. Velocity space moments of (13) result in a set of
fluid equations that differ from the Braginskii two-fluid
equations by the appearance of the RHS source terms
@t;rnr þ    ¼ Snr ; (14)
mrnr@t;rur þ    ¼ Sur ; (15)
3
2
@t;rpr þ    ¼ Spr ; (16)
where the source terms are formally obtained by taking
moments of Sr from (13) as discussed in Ref. 13.
For the electron impact molecular dissociation, molecu-
lar ionization and dissociation, atomic ionization, and ion-
atom charge exchange, the above source terms take the form
Sn ¼ Sizþ SIz ¼ ne nwarmþ nhotð Þhrizviþ ncoldhrIzvi
 
; (17)
for the density source,
Sue ¼ me un  ueð ÞSn ; (18)
Sui ¼ mi un  uið Þ Sn þ Scxð Þ þ Rcxin  Rcxni ; (19)
for the momentum sources, and the energy density sources
are
Spe ¼
3
2
me
mn
TnS
n þ 1
2
me un  ueð Þ2Sn þ 1
2
meu
2
eS
n
/izSiz  /IzSIz  /DisSDis ; (20)
and
Spi ¼
3
2
mi
mn
TnS
n þ 1
2
mi un  uið Þ2 Sn þ Scxð Þ
þ 1
2
miu
2
i S
n þ un  uið Þ  Rcxin þ Qcxin  Qcxni : (21)
Here, un is the neutral fluid velocity, which is zero in the
fluid model presented in Sec. II B but included here for
future reference. The charge-exchange and dissociation
source terms are
Scx ¼ ninwarmhrIzvi ; (22)
SDis ¼ nencoldhrDisvi ; (23)
where the reaction rates in (17), (22), and (23) can be found
by parameterizations of polynomial fits to experimental data
in terms of Te,i (see, for example, Ref. 27). The ion-neutral
and neutral-ion frictional momentum transfer terms from
charge exchange can be approximated by
Rcxin  mircxðvcxÞninwarm ui  unð Þ
 v
2
th;nﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
16
p
v2th;i þ 4 ui  unð Þ2 þ
9p
4
v2th;n
r ; (24)
Rcxni  mircxðvcxÞninwarm ui  unð Þ
 v
2
th;iﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
16
p
v2th;n þ 4 ui  unð Þ2 þ
9p
4
v2th;i
r ; (25)
where vcx ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4
p ðv2th;i þ v2th;nÞ þ ðui  unÞ2
q
, and the heat-
exchange from charge-exchange collision can be approxi-
mated by
Qcxin 
3
4
mircxðvcxÞninwarmv2th;n

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4
p
v2th;i þ ui  unð Þ2 þ
64
9p
v2th;n
r
; (26)
Qcxni 
3
4
mircxðvcxÞninwarmv2th;i

ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4
p
v2th;n þ ui  unð Þ2 þ
64
9p
v2th;i
r
; (27)
following Refs. 13 and 28.
We will now show how the source terms enter the drift
fluid equations. Following the recipe of drift-ordering, the
FIG. 1. Dominant reaction rates for inelastic collisions between ions or elec-
trons and neutrals. The molecular assisted ionization is a two-step reaction,
where the reaction rate for the dissociation of Hþ2 is shown by the dashed
curve. Due to the high reaction rate at all relevant temperatures and the short
mean-free path of Hþ2 compared to that of neutrals, this reaction is assumed
to happen immediately after ionization of H2. The reaction rates are obtained
from the study by Janev et al.27
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momentum source terms, i.e., Eqs. (18) and (19), introduce
additional drifts. The drift ordering used here is identical to
that of Refs. 8 and 18 and allows for solving the momentum
equations iteratively, by assuming that the characteristic
time- and parallel length-scales are much larger the inverse
ion gyro-frequency and the ion gyro-radius. This allows for
describing the perpendicular momentum vector (including
terms up to first order) by
u?r ¼ u0?r þ u1?r ; (28)
where u0?r are the (leading-order) diamagnetic- and EB-
drifts
u0?r ¼ 
r?pr  B^
qrnB
r?/ B^
B
; (29)
and u1?r consist of the (next-to-leading-order) polarization,
resistive, and viscous drifts
u1?r ¼ upr þ uRr þ upr : (30)
Similar to the friction between ions and electrons, the neutral
sources also originate from collisions at a much lower fre-
quency than that of the ion gyration and thus introduce a first
order drift uSr to the existing sum in (30), resulting in
u1?r ¼ upr þ uRr þ upr þ uSr : (31)
Since the source term itself is first order in the drift-
approximation, it is only the leading order velocity terms
that contribute, i.e.,
uSr ¼ S
u
r  B^
nrqrB
; (32)
where
Sue ¼ me un  u0?e
 
Sn ; (33)
Sui ¼ mi un  u0?i
 
Sn þ Scxð Þ þ Rcxin  Rcxni : (34)
This results in the source drifts
uSe ¼ S
n
neXce
u?n  r?/
B
þ r?pe
qeneB
 	 

; (35)
uSi ¼ S
n þ Scx
niXci
u?n  r?/
B
þr?pi
qiniB
 	 

þ R
cx
?in  Rcx?ni
niXci
:
(36)
Had elastic collisions with neutrals been included in the
model, a yet another first order drift term would be added to
(31). This is the so-called Pedersen drift, and details on the
derivation of the term are found in Ref. 8.
In Sec. II D, the new source-drift terms are introduced in
the HESEL drift-fluid based model for the plasma edge and
SOL regions.
D. Combined model equations
The source terms from neutral interactions that were cal-
culated in Sec. II C enter the HESEL equations as
dtnþ nKð/Þ  KðpeÞ ¼ Kn þ Rn ; (37)
r  d0tr?/
 Kðpe þ piÞ ¼ Kx þ Rx ; (38)
3
2
dtpe þ 5
2
peKð/Þ  5
2
Kðp2e=nÞ ¼ Kpe þ Rpe ; (39)
3
2
dtpi þ 5
2
piKð/Þ þ 5
2
K p2i =n
  piKðpe þ piÞ ¼ Kpi þ Rpi ;
(40)
where
Rn ¼ Sne r  nuSe
 
; (41)
Rx ¼ Sni  Sneð Þ  r  n uSi  uSe
  
; (42)
Rpe ¼ Spe 
3
2
r  peuSe
  per  uSe ; (43)
Rpi ¼ Spi 
3
2
r  piuSi
  pir  uSi : (44)
The neutrals are described as three fluids, consisting of
cold thermal molecules, warm atoms from dissociation of
molecules, and hot atoms from charge-exchange collisions
with ions. The transport of neutral particles is described by
diffusion (8) with source terms (10)–(12). The diffusion
coefficients are approximated by
Dhot ¼ 101Dwarm ¼ 103Dcold ¼ 102q2sXci ; (45)
which have approximately the same relative value as pre-
scribed by (9).
Note that the neutral terms have been normalized with
parameters that are related to the plasma parameters and not
to those of the neutrals. If one were to treat only the neutral
particles, more suitable scale-setting parameters may exist,
but for the combined model, it is simpler to apply the same
normalization throughout. The system of equations is solved
in a slab geometry in a drift-plane at the outboard mid-plane
of a tokamak, perpendicular to the magnetic field lines. The
domain is depicted in Fig. 2, which has dimensions of 225
75 q2s and consists of SOL and edge sub-domains.
FIG. 2. The upper frame shows the domain for the combined HESEL-
neutral simulations, where the x-coordinate corresponds to the radial direc-
tion and the y-coordinate corresponds to the poloidal direction. In the inner
part of the edge region, marked by the shaded area, the plasma density and
pressure fields are relaxed towards fixed prescribed profiles, which result in
a dynamically imposed boundary condition to the core. In the SOL region,
the plasma fields are damped according to parametrized parallel transport.
The white dashed line shows the location of the LCFS. The lower frame dis-
plays a snapshot of the turbulent electron density during a simulation.
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The boundaries are periodic in the poloidal y-direction.
At the inner boundary towards the core, the boundary condi-
tions for the plasma fields are x¼ 0, n¼ 1.5n0, and pe ¼ 2 pi
¼ 10 n0Te0, and at the outer boundary towards the first wall,
the boundary conditions are @xn¼ @xpe,i ¼x¼ 0, where x is
the radial direction. The neutral density fields satisfy
Dn@xnn ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
DnS
0
n
nn
r
nn ; (46)
at the inner boundary, where S0n are the source terms that are
proportional to nn, i.e., for n¼warm, the proportional source
term is
S0warm ¼ nwarm nehrizvi þ nihrcxvið Þ : (47)
At the outer boundary, the neutral density boundary con-
ditions are
Dn@xnn ¼ c
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
DnS
0
n
nn
r
nn þ Cpuffdn;cold : (48)
The boundary conditions in both (46) and (48) are
obtained by solving (8) at a steady state, under the assump-
tion that there are no fluctuations on the boundaries and that
the density vanishes at61. The outer boundary condition
(48) moreover has a factor c, which is a measure of the frac-
tion of absorbed particles. For c¼ 1, the boundary conditions
for the neutrals are (apart from a sign) identical to those on
the inner boundary, i.e., solutions to the corresponding
steady-state equations. If c¼ 0, no particles pass the bound-
ary, and the outer boundary becomes a zero-flux boundary
condition for the neutral atom densities. For the simulations
used for this paper, the value is c¼ 0.2. The parameter Cpuff
introduces a flux of thermal molecules to the system to
mimic gas-puffing in a tokamak.
In Sec. III, the above model is solved in the
BOUTþþ framework29 for varying input parameters for the
purpose of enlightening phenomena involving interactions
between neutral particles and edge and SOL plasmas.
III. APPLICATIONS
The inclusion of neutral interactions in the HESEL drift-
fluid model equations allows for investigating various
aspects of the edge and SOL fusion plasmas. In this section,
it is illustrated how gas-puff rates affect the far edge and
SOL profiles for electron density and for electron and ion
temperatures. It is moreover shown that for an appropriate
flux of neutrals into the system, the density source in the
edge region can be replaced by a self-consistent source from
ionization of neutral particles. For the results presented here,
the gyro-Bohm normalization parameters from (5) corre-
spond to the plasma parameters of a medium-sized tokamak
with
Xci ¼ 9:57 107 s1 ;
qs ¼ 3:23 104 m ;
n0 ¼ 1:5 1019 m3 ;
Te0 ¼ 20 eV ;
Ti0 ¼ 10 eV ;
B0 ¼ 2 T ;
(49)
and with deuterium ions and neutrals.
A. Changing neutral molecule puffing rate
The model described in Sec. II D is solved numerically
with the same initial plasma fields but for different values of
flux of neutral molecules into the system at the outer bound-
ary. The purpose is to investigate how different gas-puff
rates affect the plasma density and temperature profiles and
turbulent dynamics in the edge and SOL regions.
The values of the flux density Cpuff are 10
20 m2s1
resembling a low puffing rate, 1021 m2s1 for a medium
puffing rate, and 1022 m2s1 for a high puffing rate. The
low and medium puffing rates resemble realistic puffing rates
for experiments. For all puffing rates, the plasma density and
pressure sources in the edge region are maintained, and the
effect of the puffing rate on the profiles is thus only visible in
the far edge and SOL regions.
It is observed from Fig. 3 that a higher puffing results in
a higher average density and lower average electron and ion
temperatures. This is particularly visible for the high puffing
rate case.
Other profiles of interest are the electron/ion density
source profiles, which are shown in Fig. 4. The density
source profile provides the total ionization rate of atoms and
molecules as a function of the radial position and can thus be
used to estimate the location of the fuelling. There is a clear
tendency in the density source profiles for an increased gas
puffing to increase the magnitude of the ionization source as
expected from (17). It is moreover observed that for an
increased gas puffing, the profile peaks in both the edge and
SOL move towards the LCFS. Relatively more neutrals are
ionized in the SOL for the lower fuelling cases, and we
believe that the reason for this is that the higher fuelling
cases cool the outermost electrons more, which allows for a
deeper penetration of the neutral molecules before they are
ionized. In Fig. 5, the radial electric field is shown. The
radial electric field is known to correlate with the formation
of an edge transport barrier due to the sheared poloidal flow
FIG. 3. Temporally averaged electron density and ion and electron tempera-
ture profiles for “none,” “low,” “medium,” and “high” gas puffing rates.
Neutral gas puffing increases the density and decreases the temperatures in
the edge and SOL regions. The gray region marks the forcing region.
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resulting from the EB-drift. A negative radial electric field
corresponds to an EB flow in the electron-diamagnetic
velocity direction, which is usually observed in experiments.
It is observed that the radial electric field changes slightly
with the puffing rate, where in particular for the case of high
gas puffing, the profile of the radial electric field shifts away
from that where neutrals are absent.
The plasma edge dynamics also change when the gas
puffing is increased. This can be observed by monitoring the
particle flux across the LCFS. Among the leading order
drifts, only the EB-drift advects the density, and the radial
particle flux Cx is thus obtained from
Cx ¼ n @y/
B
: (50)
From Fig. 6, it appears that there is a tendency for the
average radial density flux to increase with a higher puffing
rate, which is consistent with the increased fuelling in the
edge region. The flux characteristics are also different for
different cases, which is apparent in Fig. 7 showing the prob-
ability density functions (PDFs) for Cx. The mean, standard
deviation, skewness, and kurtosis for the PDFs are shown in
Table I. For all gas puff cases, except for that with no puff-
ing, there is a trend that the mean and standard deviation
increase, and the skewness and kurtosis decrease, for a
higher puffing rate. It is unclear why the values for the simu-
lation without gas puffing deviate so much from that with
low puffing, but it is our belief that larger datasets will show
a better consistency between the statistics of the flux for dif-
ferent puffing rates. A more detailed analysis on the effect of
the fuelling rate on blob characteristics is planned for a
future publication. The topic is related to the results in Ref.
30, where the effect of neutrals on blob transport is attributed
to their insulating behavior in the divertor region. It is inter-
esting that we see similar effects but without any inclusion
of physics near the divertor. Future studies with the model
should likewise enlighten whether the rise of density in the
SOL observed in Fig. 3 is mainly due to increased ionization
in this region or a larger radial particle flux across the LCFS
as a result of increased fuelling.
FIG. 4. The normalized density source for “none,” “low,” “medium,” and
“high” gas puffing rates. The profiles are normalized with the values 1, 1.41
 1021, 1.33  1022, and 1.18  1023, respectively, all in units of m3 s1.
The density source increases with the amount of neutrals, and the source in
the SOL in particular is shifted towards the LCFS for higher fuelling rates.
The gray region marks the forcing region.
FIG. 5. The radial electric field for “none,” “low,” “medium,” and “high”
gas puffing rates. It is observed that the radial electric field changes slightly
both in the magnitude and shape with increased neutral flux. The gray region
marks the forcing region.
FIG. 6. Radial particle flux across LCFS for “none,” “low,” “medium,” and
“high” gas puffing rates. The general tendency is that the flux increases with
the increased puffing rate, and the characteristics of the transport do likewise
appear to be influenced by the neutral density.
FIG. 7. Probability density of the flux across LCFS for “none,” “low,”
“medium,” and “high” gas puffing rates. Descriptors for the PDFs are given
in Fig. 1.
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B. The effect of the puffing rate on self-consistent
fuelling
In this section, we investigate the possibility of remov-
ing the forcing of the density that is responsible for the stiff-
ness in the innermost part of the domain, as shown by the
shaded area in Fig. 3. The forcing has been necessary in pre-
vious plasma simulations since the profiles are naturally flat-
tened due to transport. Here, the density source is
supplemented by a self-consistent source from local ioniza-
tion of neutrals, and the forcing at the inner boundary acts as
a source (or as a sink) to constitute an appropriate coupling
towards the core plasma.
With the inclusion of the density source from local ioni-
zation of neutrals, it is, however, possible to remove the forc-
ing altogether. Removing the forcing is desirable since for
tokamak experiments, fuelling is entirely caused by ioniza-
tion of neutrals. It is unknown whether the fuelling from gas
puffing is approximately evenly distributed across the plasma
surface, which would correspond to removing the profile
forcing as done here. Alternatively, more neutrals may cross
the LCFS locally, for example, near the x-point after recy-
cling at the divertor, and the resulting plasma is then trans-
ported upstream. The fuelling from particles recycled in the
simulated domain is also not included although those may
contribute with a significant amount.5 Neutrals originating
from recycling can be included in the model by introducing
a term for the atomic species similar to that for the flux of
molecules on the outer boundary in (48) or by increasing the
value of Cpuff, which would then represent a sum of flux
from puffed and recycled neutral molecules.
For the simulations treated in Sec. III A, both the inte-
grated forced density source, i.e.,
force ¼
ð
edge
dxdy nfixed  nð Þ=s ; (51)
where nfixed is the fixed density profile and s is the relaxation
time, and the integrated source from ionization of neutrals,
i.e.,
fuel ¼
ð
edge
dxdy Sn ; (52)
are shown in Fig. 8. This should give a hint of the amount of
gas puffing necessary for keeping the edge density up. It
appears that the density source at low puffing is completely
dominated by factors other than local ionization of neutrals,
at medium puffing the two sources contribute approximately
equally, and at a high puffing rate, the source from local ioni-
zation of neutrals is so big that the forcing becomes negative.
Note that for the “none,” “low,” and “medium” cases where
the neutrals do not fuel the plasma sufficiently, the blob
events are visible as peaks in the forcing graph. This feature,
however, ceases to exist when the neutrals fuel the plasma,
and the forcing turns negative. The change in the characteris-
tics of the “high” puffing plot in Fig. 8 from that of the other
plots is thus due to a change in the degree of local fuelling
from neutrals, going from under-fueled to over-fueled, and
not due to a change in the blob formation mechanism itself.
The ideal puffing rate result in a vanishing average forc-
ing, and from the above observations, this should be
expected to lie somewhere in between the cases with the
medium and high fuelling rate. It appears that with a puffing
rate of Cpuff ¼ 2  1021 m2s1, the plasma edge density is
maintained at approximately n¼ 1.5 n0, which allows for a
scenario where the edge region in the simulation is entirely
fueled from the local ionization of neutrals.
IV. CONCLUSIONS
In Sec. II, it is displayed how inelastic source terms
enter a drift-fluid model. It is found that density sources give
rise to an additional drift term in the electron and ion drift
velocities and that yet another term is added to the ion drift
velocity due to charge-exchange collisions with neutrals.
Neutral atoms originating from dissociation of mole-
cules, and to an even greater extend atoms that have under-
gone charge-exchange collisions with ions, experience a
mean-free path between collisions in the SOL, which is on
the order of meters and thus much larger than any gradient
length-scales perpendicular to the magnetic field lines.
For this reason, a neutral model that is valid in the long
TABLE I. Mean, standard deviation, skewness, and kurtosis for the PDF of
the radial particle flux across the LCFS. The mean only changes significantly
when going from medium to high fuelling, whereas the skewness and kurto-
sis appear to depend stronger on the gas puff rate.
Mean Standard dev. Skewness Kurtosis
(1021 m2 s1) (1021 m2 s1)
None 4.21 5.92 2.08 7.80
Low 4.14 5.95 3.29 18.9
Medium 4.29 6.87 2.51 11.4
High 6.63 9.92 1.92 8.25
FIG. 8. Fuelling in the edge for “none,” “low,” “medium,” and “high” gas
puffing rates. The black curves show the forcing applied to maintain the den-
sity in the inner edge region and the colored curves the amount of fuelling
provided by ionization of neutrals. For the high puffing rate, the neutrals
fuel more than what the system is targeted for and the forcing becomes nega-
tive in order to maintain the density in the inner edge.
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mean-free path limit has been formulated. The neutral model
is coupled to the HESEL drift-fluid model for the plasma
fields, and the resulting system of equations describes the
evolution of plasma and neutral fields in a self-consistent
manner.
The coupled HESEL-neutral model allow for investiga-
tion of various phenomena in Sec. III. It is observed how
increasing the amount of neutrals raises the electron and ion
densities and lowers the temperatures in the SOL and far
edge regions. It is moreover observed that change in the flux
of neutrals into the system affects the radial electric field and
the statistical properties of the electron and ion particle
fluxes across the LCFS. The self-consistent model moreover
allows for removing the forcing of the density source in the
inner edge region present in the original HESEL equations
and introduces a source from local ionization of neutrals in
the edge region.
A combined plasma-neutral model as the one described
in this paper allows for a wide range of studies on the
neutral-plasma interactions. It is possible to further illumi-
nate how the interactions with neutrals affect blobs and how
blobs affect neutrals, with a model that includes both dynam-
ical neutrals and plasma fields. Moreover, a range of experi-
mentally observed phenomena that are most likely due to
neutrals influencing the plasma fields, such as shoulder for-
mation30 and the fuelling triggered H-mode density limit,31
are expected to at least be partially explained by future simu-
lations with this model.
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